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The passage of red blood cells (RBCs) through capillaries is essential for human blood microcirculation. This study used a 
moving mesh technology that incorporated leader-follower pairs to simulate the fluid-structure and structure-structure interac-
tions between the RBC and a microvessel stenosis. The numerical model consisted of plasma, cytoplasm, the erythrocyte 
membrane, and the microvessel stenosis. Computational results showed that the rheology of the RBC is affected by the Rey-
nolds number of the plasma flow as well as the surface-to-volume ratio of the erythrocyte. At a constant inlet flow rate, an in-
creased plasma viscosity will improve the transit of the RBC through the microvessel stenosis. For the above reasons, we con-
sider that the decreased hemorheology in microvessels in a pathological state may primarily be attributed to an increase in the 
number of white blood cells. This leads to the aggregation of RBCs and a change in the blood flow structure. The present fun-
damental study of hemorheology aimed at providing theoretical guidelines for clinical hemorheology. 
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It is well known that the hematocrit in human arteries is 
about 40% and that this value is lower in microvessels [1,2]. 
Red blood cells (RBCs) carry oxygen from the lungs to tis-
sues and nutrient substances to organs, while removing 
carbon dioxide and waste products. Hence, the biome-
chanical behavior of RBCs in microcirculation is very im-
portant [3,4]. Many experiments and numerical simulations 
have been performed over the past several decades to fur-
ther our understanding of the biomechanical behavior of 
RBCs [5–26]. 
The RBC is composed of liquid cytoplasm, and the cell 
membrane, which has viscoelastic properties. In general, it 
is believed that the degree of deformability of the RBC is 
controlled by the flexibility of the cell membrane. Therefore, 
numerous measurements and simulations on the rheology of 
the cell membrane have been performed on populations of 
RBCs, as well as at the single-cell level. Techniques for the 
measurement of single cells have included micropipette 
aspiration [5], optical tweezers [6,7] and high-frequency 
electrical deformation tests [8], in which RBCs are sub-
jected to large deformations and static loads. Knowledge of 
cell membrane mechanics contributes to the understanding 
of RBC collective behaviors in tissues and organs. 
The deformability of RBCs affects blood rheology, cell 
structure, and movement through the capillaries; hence the 
overall microcirculation. In light of the complexity of cell 
motion and deformation in microvessels, simulations on the 
motion and deformation of RBCs under flow in microves-
sels could serve as a valuable tool for shear stress measure-
ments and for quantifying the biomechanical parameters of 
RBCs. Fung [9], Skalak [10,11] and Evans et al. [5] have 
performed a number of theoretical studies on relatively 
simple axisymmetric models of RBC in capillaries. The 
deformability of the RBC, in theoretical studies, has been 
shown to have a direct relationship with its mechanical 
properties. The biconcave shape of the RBC enables it to 
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deform into a wide variety of shapes. A number of increas-
ingly comprehensive models that combine cell deformation, 
fluid dynamics, and membrane mechanics have been proposed 
and various numerical methods have been utilized, including 
the boundary element method [12–15], the finite element 
method [16–18], the immersed boundary method [19,20] and 
the perturbation method [21,22]. Recently, Toru et al. [23] 
used the lattice Boltzmann method (LBM) to study the flow 
of RBCs with liposome-encapsulated hemoglobin at mi-
crovascular bifurcations. So far, all of these studies have 
focused only on RBCs flowing in the normal microvascular 
vessels, as shown in Figure 1A. To the best of our knowl-
edge, few studies have focused on the mechanical behavior 
of RBCs transiting through a microvessel stenosis, which 
may provide us with a less ambiguous picture of the defor-
mation of RBCs and a more convenient method to estimate 
the rheological properties of human microcirculation. The 
present study specifically investigates the movement of a 
single RBC in a microvessel with a moderate stenosis, as 
shown in Figure 1B. 
The deformability of RBCs is an important factor that 
regulates blood rheology [24–26]. Deformability is the 
combined result of several mechanical and geometrical 
properties of the RBC, such as the viscosity ratio between 
cytoplasm and plasma, the surface-to-volume ratio of the 
cells, the Reynolds number of the blood flow, and the mate-
rial coefficients of the cell membrane. The ability of a cell 
to change its shape determines whether or not that cell can 
pass through small vessels, especially capillaries with 
stenoses, which is a physiologically important aspect of 
RBC deformability. The present study uses a moving mesh 
technology that incorporates a finite element method to in-
vestigate the biomechanical behavior of a single RBC tran-
siting through a microvessel stenosis. Our purpose is to 




Figure 1  A schematic of the RBCs flowing in human microvessels (A) and 
the single-file flow of RBCs in a microvessel with moderate stenosis (B). 
1  Materials and methods 
1.1  Assumptions 
Figure 2A shows a schematic of the axisymmetric model 
used to investigate the motion of a single RBC passing 
through a microvessel stenosis. The diameter and length of 
the microvessel are 10 and 158 μm, respectively. The RBC 
is considered to be a biconcave discoid with a radial diame-
ter of 8 μm and an axial diameter of 1 μm. 
(i) The blood vessel wall was assumed to be rigid and the 
plasma was assumed to be a homogeneous, incompressible, 
and Newtonian fluid with viscosity μ =1.2 mPa s and den-
sity ρ =1050 kg m−3. 
(ii) The RBC membrane was assumed to be viscoelastic 
with a thickness of 0.1 μm. 
(iii) The fluid-structure interactions among cell mem-
brane, cytoplasm, and plasma were studied. 
(iv) To investigate the deformability of the RBC, a con-
tact pair between the cell membrane and the microvessel 
stenosis was established. 
(v) Because the cell membrane endures a large deforma-
tion, the ALE (Arbitrary Lagrange-Euler) mesh was used to 
simulate the movement of the fluid region. 
1.2  Theoretical model 
1.2.1  Governing equations 
The numerical simulation was based on the incompressible 
and viscous Navier-Stokes equations under steady state 
conditions. Given the appropriate dimensionless variables, 
the flow can be described in axisymmetric cylindrical coor-
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where ψ and η represent the normalized stream function 
and the vorticity, respectively. Re represents the Reynolds 
number of the fluid flow. 
1.2.2  Boundary conditions 
Figure 2B shows the moving mesh and the boundary condi-
tions utilized in the numerical simulation. The boundary 
conditions on the flow domain were as follows: (i) U =  
10 μm s−1, at the inlet [27]; (ii) P=0 Pa, at the outlet; (iii) 
no-slip conditions at the vessel wall. 
The solid and fluid domains were coupled together by a 
direct two-way coupling formulation, whereby the fluid 
forces are applied onto the solid and the solid deformation 
changes the fluid domain. The kinematic conditions were  
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Figure 2  A schematic of the axisymmetric model used in the present work (A), showing the geometry of the microvessel and the RBC (degree of stenosis, 
26%) and the moving meshes and the boundary conditions of the computational domain (B). Only half of the microvessel was computed and 3642 nine-node 
axisymmetric triangular elements were used. U  and FSI represent the average velocity at the inlet and the interface of the fluid-structure interaction, respec-
tively. Points 1 to 10 are the followers and points 11 to 14 are the leaders (C). D shows the moving meshes of a single cell transiting through a microvessel  
stenosis. The cytoplasm-to-plasma viscosity ratio λ = 2.0, β = 0.5, E = 4.2×104 Pa. 
applied to the fluid-structure interfaces as follows: (i) The 
displacements of the fluid and solid domain must be com-
patible: df=ds; (ii) the tractions at these boundaries must be 
at equilibrium: f s ;n nτ τ⋅ = ⋅  (iii) fluid must satisfy the  
no-slip condition: s ,V d=   where df and ds are the fluid and 
solid displacements, τf and τs are the fluid and solid stresses, 
n and V  are the normal vector and the fluid velocity at the 
FSI interfaces, respectively. 
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1.2.3  Cell membrane model 
The membrane of the RBC was assumed to be hyperelastic, 
which defines a material that can completely recover its 
original shape following a finite deformation. Many poly-
mers belong to this category, including cell membranes. The 
Mooney-Rivlin law is one of the best known and exten-
sively used constitutive laws utilized in modeling the hy-
perelastic behavior of a cell membrane. The standard 
two-term Mooney-Rivlin constitutive law is a generalization 
of the Neo-Hookean solid model, where the strain energy, 
W, is a linear combination of two invariants of the Finger 
tensor. 
 1 1 2 2C ( 3) C ( 3),W I I= − + −  (3) 
where 1I  and 2I  are the first and second invariants of the 
deviatoric component of the Finger tensor. C1 and C2 are the 
material constants. If we choose C2=0, (4) will be the 
Neo-Hookean material law. In addition, the bulk modulus,  
k, is used to model the compressibility of the cell membrane 
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where E and ν are the Young’s modulus and the Poisson’s 
ratio of the cell membrane, respectively. The value of the 
Poisson’s ratio is taken as 0.499 to avoid a numerical sin-
gularity, while the value of the Young’s modulus ranges 
from 3.0×104 Pa to 5.4×104 Pa, which is in the range of data 
obtained by previous experiments [28,29]. To investigate 
the effect of constants C1 and C2, the present study uses a 
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The cell membrane constants C1 and C2 can then be ex-
pressed as 
 1C ,6(1 )
E
β= +  (6) 
 2C ,6(1 )
Eβ
β= +  (7) 
where the range of β extends from 0 to 0.5. 
To be more realistic, the viscoelastic effects were in-
cluded in the Mooney-Rivlin material model. The equiva-
lent one-dimensional model is shown in Figure 3. This is 
the same as a generalized Maxwell model with many chains. 
A generic chain is denoted with superscript α, as shown in 
the figure. The spring E∞  is equivalent to the elastic stiff-
ness of the model. Each chain contains a spring with stiff-
ness Eα and dashpot with viscosity ηα. The strain in each 
chain is the sum of the strain in the spring gα and the strain 
in the dashpot Γα. The observed stress is given as 
 ,qα
α
σ σ ∞= + ∑  (8) 
where σ∞=E∞e is the elastic stress and q E gα α α α αη= = Γ  
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Considering the property of the cell membrane, the parame-
ters τ α and βα were set to 0.25 and 0, respectively. 
1.2.4  Biconcave shape of RBCs 
To study the effect of the geometry (the surface-to-volume 
ratio) on the deformability of RBCs, three categories of 
blood cells were investigated, including biconcave discoid 
(normal), spheroidal and ellipsoidal (abnormal) cells. Evans 
and Fung [30] developed the following equation to describe 
the cross-sectional shape of the biconcave discoid: 
 2 1 2 2 40 1 20.5[1 ] ( C C ),   1 1,y x C x x x= − + + − ≤ ≤  (10) 
where C0=0.207161, C1=2.002558, C2=1.122762. 
1.3  Solution method 
In the present article, a moving mesh technology was used 
to simulate the flow of the RBC as it transits through the 
microvessel stenosis. This approach is a combination of 
moving meshes and leader-follower pairs. The moving 
mesh conditions are encountered if any boundary condition 
is a moving boundary condition. These conditions are given 
by moving walls, free surfaces, fluid-fluid interfaces and, 
most importantly, the fluid-structure interfaces. In the pre-
sent computational model, a moving boundary condition 
was located on the fluid-structure interface between the cell 
membrane and the plasma flow, on which the displacements 
of nodes were determined by the structural displacements.  
 
 
Figure 3  Equivalent one-dimensional model of rubber viscoelasticity. 
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The boundary nodes could be moved along the geometric 
boundary as it changed position. The interior nodal move-
ments were quite arbitrary but had to be controlled to ensure 
a good mesh quality. To automatically determine the dis-
placements of those nodes that could arbitrarily be moved, 
we solved the Laplace equation: 
 2 0,d∇ Δ =  (11) 
where Δd is the increment of the displacement. The latest 
displacement was then updated by adding the incremental 
solutions. A finite element method was applied to solve the 
equation based on either the latest nodal positions or the 
initial nodal positions. 
However, Laplacian solutions cannot guarantee a valid 
mesh, even in some simple domains. A typical element 
shown in Figure 4A was distorted due to the ball movement, 
even though the computational domain was simple. The 
reason for this is that there were no moving conditions on 
the outer boundary of the domain. Point 2 was fixed and the 
line 1–2 became markedly skewed. 
Because the RBC endures a large deformation in mi-
crovessel stenosis, large displacements can be encountered. 
To control the quality of the arbitrarily moving meshes, the 
leader-follower pair was used in the ALE formulation. A 
leader is a point located on a physically moving boundary, 
such as a fluid-structure interface, a moving wall or a free 
surface. A follower is a point whose movement is deter-
mined by its leader. The motion of the moving boundary 
determines the displacement of the leader. Figure 4B shows 
the revised situation of the distorted element in a moving 
boundary problem. Point 1 is the leader and point 2 is the 
follower. If we force point 2 to follow point 1, then line 1−2 
will not be skewed and the element maintains its quality 
well. 
When a follower is not on the boundary of the computa-
tional domain, its motion is completely determined by its 
leader, as follows: 
 f lC ,d dΔ = Δ  (12) 
where the superscripts indicate the leader and follower 
nodes and C is a constant (with a default value of 1.0). 
However, boundary followers must always stay on the  
boundary while they follow their leaders. Their motion is 
obtained from the following: 
 f lC ( ),d d I nnΔ = Δ ⋅ −  (13) 
where n is the locally normal direction of the boundary. 
Figure 2C and D shows the leader-follower pairs used in the 
present model and the mesh deformation process of a single 
cell transiting through a microvessel stenosis. 
2  Results 
The rheology of the erythrocyte transiting through the mi-
crovessel with stenosis, under normal and abnormal states, 
was studied using the moving mesh technology combined 
with the finite element method. The deformation index (DI) 
and the normalized deformation time (T) were used to de-
scribe the deformability of the RBCs. The effects were 
studied in detail using the Reynolds number, the viscosity 
ratio between cytoplasm and plasma, the Mooney-Rivlin 
coefficients, and the surface-to-volume ratio of RBCs. 
2.1  Deformation index (DI) 
The deformation indices of normal (biconcave shape) and 
abnormal (spheroidal and ellipsoidal) RBCs are defined in 
Figure 5 [31]. 
2.2  Normalized deformation time (T) 
The normalized deformation time is defined as t/ts, where t 
and ts are the time required for RBCs and spheroidal RBCs 
(λ=1.0, β=0.5, E=4.2×104 Pa), respectively, to pass through 
the stenosis. 
2.2.1  Effect of the Reynolds number 
The effect of the Reynolds number (Re) on the deform-
ability of RBCs was studied by changing Re from 1.5×10−5 
to 6.0×10−5. For this set of calculations, the plasma viscosity 
μ was set at 1.2 mPa s and the Young’s modulus of the cell 
membrane E was set at 4.2×104 Pa. As shown in Figure 6, 
the maximal deformation index (DI)Max increased with in- 
creasing Re, while the normalized deformation time T de-  
 
 
Figure 4  Elements in a moving boundary problem. A, Distorted element. B, Use of leader-follower pair. 
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Figure 5  Definition of the deformation indices of three categories of RBCs, 
including spheroidal, ellipsoidal and biconcave shapes. 
creased with increasing Re. This indicates that an increased 
blood flow could enhance the microcirculation, hence the 
oxygen and nutrients supply to human tissues and organs. 
The increased plasma viscosity under pathological states 
would lead to a decreased blood flow in microcirculation, 
and hence to the decreased flow rate of the RBCs. 
2.2.2  Effect of the surface-to-volume ratio 
The cell surface-to-volume ratio φ = S/V (S and V are the 
surface area and the volume of the cell, m−1) is known to be 
a determinant of the static deformability of the normal  
RBC [32,33]. The present work simulated the different  
 
Figure 6  Distribution of the maximal deformation index (DI)Max and the 
normalized deformation time T under different Reynolds number Re. 
shapes of RBCs flowing in a microvessel stenosis, as shown 
in Figure 7, which corresponded to values of φ ranging from 
0.65 to 5.01. The computational results shown in Figures 8 
and 9 illustrate that the maximal deformation index in-
creased with the increasing surface-to-volume ratio, while 
the normalized deformation time decreased with the in-
creasing surface-to-volume ratio. This may imply that the 
biconcave discoid shape is the optimal shape for RBCs and 
that the spheroidal or ellipsoidal shape is detrimental to the 
transit of RBCs through microvessel stenoses. 
2.2.3  Effect of the Mooney-Rivlin coefficients 
To investigate the effect of cell membrane properties on the 
deformability of RBCs, a series of simulations was carried 
out using various Mooney-Rivlin coefficients, such as the 
Young’s modulus E and the new coefficient β. Figure 10 
illustrates the effect of Young’s modulus by changing E  
 
 
Figure 7  A schematic of spheroidal, ellipsoidal, and biconcave cells flowing in a microvessel stenosis. 
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Figure 8  Distribution of the maximal deformation index (DI)Max along 
the cytoplasm-to-plasma viscosity ratio λ under different surface-to- 
volume ratios φ. 
 
Figure 9  Distribution of the normalized deformation time T as a function 
of the cytoplasm-to-plasma viscosity ratio λ under different surface-to- 
volume ratios φ. 
from 2.4×104 Pa to 5.4×104 Pa, β = 0.5. As shown in the 
figure, the higher the value of the E, the lower the value of 
(DI)Max and the longer the time required for the cell to pass 
through the stenosis. Figure 11 summarizes the effect of β 
by changing it from 0.1 to 0.5, E=4.2×104 Pa. As is evident 
in the figure, the higher the value of β, the higher the value 
of (DI)Max and the shorter the time required for the cell to 
pass through the stenosis.  
2.2.4  Effect of the viscosity ratio between cytoplasm and 
plasma 
A series of simulations under different cytoplasm-to-plasma 
viscosity ratios was carried out. The viscosity ratio was 
given by λ = μc/μp, where μc and μp are the viscosities of the 
cytoplasm and the plasma, respectively. The majority of 
previous reports in the literature have shown that cells sus-
pended in a high-viscosity Dextran or buffer suspending 
medium have a low viscosity ratio, always less than 1.0,  
 
Figure 10  Relationship between the maximal deformation index (DI)Max and 
the normalized deformation time T under different Young’s modulus E. 
 
Figure 11  Relationship between the maximal deformation index (DI)Max 
and the normalized deformation time T under different material coeffi- 
cients β. 
while the viscosity ratio of RBCs suspended in plasma al-
ways ranges between 5.0 and 10.0 [13,34,35]. In this set of 
simulations, the viscosity of the cytoplasm was set at 6.0 
mPa s and that of the plasma was in the range between 1.2 
and 6.0 mPa s, corresponding to a viscosity ratio range from 
1.0 to 5.0, which covers both experimental and physiologi-
cal fields [36]. As shown in Figure 12, the value of the 
(DI)Max decreased with increasing values of λ, while T in-
creased with increasing λ. 
3  Conclusion 
In the human blood circulatory system, macrovascular tis-
sues represent only a small fraction of the system, while 
microvessels with diameters of the same size as RBCs 
number about one billion. In these capillaries, the rheology 
of the RBC is an extremely important determinant of the 
overall blood flow, as even a slight decrease in the rheology 
of RBC can result in a sharp decrease in microvessel flow 
rate. The decreased fluidity of the microvessel flow will in 
turn lead to a reduced microcirculatory flow and conse- 
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Figure 12  Relationship between the maximal deformation index (DI)Max 
and the normalized deformation time T under different cytoplasm-to-plasma  
viscosity ratios λ. 
quently, reduced oxygen supply to the tissues. These defects 
are very dangerous if they take place in vital parts of the 
human body, particularly in the brain. In the falciparum 
malaria study of Dondorp et al. [37], logistic regression 
analysis showed that RBC deformability was the single 
most important prognostic factor for mortality, more im-
portant than other parameters, such as plasma lactate con-
centrations and other measures of acid/base status. 
The present study used a moving mesh technology that 
incorporated leader-follower pairs to simulate the mechani-
cal behavior of a single RBC in a microvessel with stenosis, 
to investigate the relationship between cell deformability 
and relative parameters such as the surface-to-volume ratio 
of the erythrocyte, the viscosity ratio between cytoplasm 
and plasma, the Reynolds number of the blood flow and the 
material coefficients of the cell membrane. Although it is a 
simplified model of actual human microcirculation, which 
involves more complex motions of leucocytes and multiple 
RBCs, it included all the pertinent problems of concern. 
With the further development of such numerical methods, 
the direct numerical simulation of realistic flow in human 
microvessels is expected to be attained in the near future. 
When the whole-blood viscosity is raised, for example by 
diseases such as malaria and diabetic nephropathy, flow rate 
may decrease; hence, the fluidity of the RBCs flow also 
decreases, which is consistent with our numerical simula-
tion (Figure 6). Computational results show that under a 
constant flow rate, the transit time of a RBC passing 
through a stenosis clearly decreased with increasing plasma 
viscosity (Figure 12). This differs from the result obtained 
by Secomb et al. [38], who postulated that an elevation in 
suspending medium viscosity would not increase the sensi-
tivity of transit time to membrane properties. For these rea-
sons, we believe that decreased hemorheology in microves-
sels under pathological states may be attributed primarily to 
an increase in the numbers of white blood cells, which will 
result in the aggregation of RBCs and a change in the blood 
flow pattern. 
The results of the present study also support the hypothe-
sis that the accumulation of sickle RBCs formed in a mi-
crovessel stenosis will result in the aggregation and cytoad-
herence of RBCs. This would decelerate the microcircula-
tion flow and contribute to microvascular obstruction. Fur-
thermore, we believe that a lower flow rate will give rise to 
a smaller wall shear stress. By contrast, a longer time depo-
sition of atherogenic lipids onto the microvessel wall would 
lead to the formation of a thrombosis. It is well known that 
thrombosis is an important defect in the blood circulatory 
system and is a major cause of most heart attacks, strokes, 
and other severe cardiovascular problems [36]. Obviously, 
drugs aimed at improving the rheology of RBCs in a mi-
crovessel stenosis are a promising area for future medical 
research. 
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